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The	 topography	 of	 the	 410	 and	 660	 km	 seismic	 upper	 mantle	
discontinuities	 beneath	 the	 Korean	 Peninsula	 and	 southwestern	 Japan	 was	
determined	 using	 teleseismic	 receiver	 functions.	 The	 P	 receiver	 functions	
were	 migrated	 from	 delayed	 times	 to	 corresponding	 piercing	 (conversion)	
points	 of	 P-to-S	 converted	 phases,	 using	 one-dimensional	 (1-D)	 and	 three-
dimensional	 (3-D)	 models.	 The	 receiver	 functions	 were	 then	 stacked	 using	
common	conversion	point	(CCP)	techniques	to	enhance	signal-to-noise	ratios	






the	 complex	 structure	 of	 the	 subducting	 Pacific	 Plate	 produced	 distinct	
changes	in	the	upper	mantle	discontinuities,	which	cannot	be	explained	by	the	
temperature	 variations	 alone.	 The	 depression	 of	 the	 410	 km	 discontinuity,	
observed	 in	 a	 wide	 region	 extending	 from	 the	 Korean	 Peninsula	 to	 Kyushu	
Island,	may	be	related	to	trench	rollback	history.	Furthermore,	the	topography	
of	 the	 660	 km	 discontinuity	 varies	 significantly	 with	 latitude.	 At	 latitudes	
higher	 than	38°	N,	 its	depth	 remains	unchanged	despite	 the	presence	of	 the	
stagnant	 slab,	 while	 significant	 depression	 has	 been	 observed	 at	 latitudes	
below	 36°	 N.	 This	 may	 have	 been	 caused	 by	 differences	 in	 the	 angles	 of	




The	 topography	 of	 the	 lithosphere-asthenosphere	 boundary	 (LAB)	
beneath	 the	 Korean	 Peninsula	 was	 determined	 using	 teleseismic	 S-receiver	
functions.	The	receiver	functions	were	migrated	from	the	delayed	time	to	the	
corresponding	 conversion	 points	 of	 S-to-p	 phases	 using	 the	 IASP91	 model.	
Signals	 representing	 the	 low	 velocity	 layers	 beneath	 the	 Korean	 Peninsula	
were	 imaged	 by	 applying	 the	 CCP	 stacking	 method.	 The	 LAB	 beneath	 the	
Korean	Peninsula	was	 imaged	at	a	depth	range	of	60	-	100	km.	This	shallow	
LAB,	 considering	 the	Precambrian	bedrock,	 implied	 the	 lithosphere	 thinning	
accompanied	 by	 the	 coeval	 subduction	 of	 the	 paleo-Pacific	 plate	 in	 the	
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Jurassic.	 The	 distinct	 difference	 in	 the	 LAB	 structure	 across	 the	 tectonic	
boundary	 between	 the	 Gyeonggi	 Massif	 (GM)	 and	 the	 Okcheon	 Fold	 Belt 
(OFB)	was	recognized.	The	LAB	at	the	southern	part	was	shallower	than	that	
at	 the	 northern	 part.	 Furthermore,	 an	 additional	 negative	 discontinuity	was	
observed	 below	 the	 LAB	 at	 the	 southern	 part.	 The	 structure	 resembles	 that	
produced	by	the	continental	collision	as	reported	beneath	Tibet.	However,	the	
continental	collision	had	finished	in	the	Early	Triassic	in	the	Korean	Peninsula	
before	 the	 lithosphere	 thinning,	 which	 would	 have	 destroyed	 the	 lower	
lithosphere	in	the	Jurassic.	Therefore,	the	current	LAB	structure	could	not	be	a	
remnant	 of	 the	 continental	 collision.	 The	 subduction	 of	 the	 oceanic	 ridge	
between	the	Izanagi	Plate	and	the	Pacific	Plate	at	~60	Ma	might	have	induced	
lithosphere	 delamination	 in	 the	 southern	 part.	 However,	 the	 corresponding	
evidence	 of	 magmatism,	 supporting	 the	 additional	 delamination	 in	 the	
southern	part,	is	not	reported.	Unfortunately,	none	of	existing	tectonic	models	
of	 the	 Korean	 Peninsula	 properly	 explain	 the	 LAB	 structure	 beneath	 the	
Korean	 Peninsula.	 Nevertheless,	 the	 presented	 LAB	 structure	 beneath	 the	













































Figure 1. a) Distribution of KMA (cyan and red), KIGAM (blue), and FNET 
(green) stations used in this study. The dashed contour lines represent 
the iso-depths of the subducting Pacific Plate (Japan slab and Izu-Bonin 
slab) and Philippine Sea Plate (Philippine Sea slab) with 50-km intervals 
[Gudmundsson and Sambridge, 1998]. The thick contour line denotes 
the 660-line. Dotted lines (AA’–DD’) are profile lines of CCP stacked 
receiver function sections. b) Distribution of events used in this study, 
centered at (36.5°N, 128.0°E). Epicentral distances of 30°, 60°, and 90° 
from the center are given by the concentric circles with smallest, 
intermediate, and largest radius, respectively. c) Location of the 
conversion points of P410s phases recorded at the Korean Peninsula 
(blue) and Japan Islands (red). d) Same as (c), but for the P660s phases. 9	
Figure 2. CCP stacked receiver function sections based on the IASP91 1D-
velocity model for profile lines AA’–DD’. The positive amplitudes of up 
to two sigma error bounds from the mean are shaded in black. The mean 
and two sigma error bounds are derived from bootstrapping. The 
background color spectrum from blue to red represents fast to slow P-
wave velocity-structure anomalies, respectively, from the GAP-P2 
model [Obayashi et al., 2009]. ............................................................... 16	
Figure 3. The Topography of the 410 (a); topography of the 660 (b); variation 
of the MTZ thickness (c) determined with the IASP91 1D-velocity 
model. The velocity perturbation at the corresponding depths to the 410 
(d), the 660 (e), and the MTZ thickness (f) from GAP-P2 [Obayashi et 
al., 2009] with contour lines of the topography. The Topography of the 
410 (g); topography of the 660 (h); variation of the MTZ thickness (i) 
determined with the 3D-velocity model. The colors represent the 
perturbation of depth with respect to 410 km (a, g), and to 660 km (b, h); 
or of thickness with respect to 250 km (c, i). Contour lines of 
topography are drawn with intervals of 10 km. Others are the same as 
Figure 1a. ................................................................................................ 18	
Figure 4. (a) Histogram of the dH (depth variation) of the 410 shown as gray 
bars with best fitting normal distribution in red line. (b) The distribution 
of the dVp versus dH of the 410. (c and d) Same as (a) and (b), but for 
the 660. The green line represents the best fitting line with Clapeyron 
slope of -2.5 MPa/K and the dashed lines represent the standard 
deviation (sigma) of the data distribution. Red and cyan circles indicate 
the scatters falling outside of the +/- 1-sigma error bounds. (e) The 
geographic locations of the same scatters shown in (d). ........................ 19	
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The	 outermost	 shell	 of	 the	 Earth	 is	 not	 stationary	 but	 is	 moving	
continuously	and	is	composed	of	many	plates.	The	rigid	plates	travel	around	
the	 surface	 of	 Earth	 by	 floating	 on	 the	 ductile	 mantle.	 Some	 plates	 are	
subducting	beneath	other	plates	 and	 sink	 into	 the	deep	mantle.	 Some	plates	





depths	 of	 410	 and	 660	 km,	 seismologically.	 These	 discontinuities	 play	 an	
important	 role	 in	mantle	 convection,	which	 is	 regarded	as	 a	driving	 force	of	
plate	 tectonics.	 The	 discontinuities	 are	 formed	 by	 a	 phase	 transition	 from	




The	 lithosphere-asthenosphere	 boundary	 (LAB)	 is	 also	 a	 key	 feature	
describing	plate	 tectonics.	The	brittle	 lithosphere,	divided	 into	 the	crust	and	
the	 lithospheric	mantle,	 is	 floating	 over	 the	ductile	 asthenosphere.	 Although	
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merged	by	a	 continental	 collision	 in	 the	Triassic.	Afterward,	delamination	of	
the	 lithosphere	 accompanying	 massive	 magmatism	 occurred	 during	 the	
Mesozoic.	Recently,	the	East	Sea	and	the	Korea	Strait	opened	as	a	result	of	the	















the	horizontal	 component	by	 the	vertical	 component.	The	 receiver	 functions	
are	widely	used	to	study	the	seismic	structure	below	the	seismic	stations.		
	
Traditionally,	 the	 receiver	 functions	 are	 calculated	 by	 deconvolving	 the	
radial	component	with	the	vertical	component	using	the	P	phase	wavelet.	The	
resulting	 receiver	 functions	 are	 nominated	 as	 the	 P	 receiver	 functions.	
Recently,	S	receiver	 functions	have	been	widely	used,	especially	 to	study	the	
LAB.	 The	 S	 receiver	 functions	 are	 calculated	 by	 deconvolving	 the	 vertical	
components	with	 the	radial	components.	Often,	 the	seismograms	are	 further	
rotated	to	the	incident	angle	to	minimize	the	artifacts	in	the	receiver	functions	
because	 the	 incident	 angle	 of	 the	 S-to-p	 converted	 phases	 are	 much	 larger	




From	 the	 inherit	 characteristics	 of	 the	 P	 and	 S	 waves,	 the	 P	 receiver	
functions	are	used	to	study	the	fine	structure;	but	the	high	amplitudes	of	the	
multiple	 reverberation	 of	 the	 surface	 basins	 and	 the	Moho	make	 it	 hard	 to	









The	 receiver	 function	 method	 assumes	 that	 the	 incident	 angle	 of	 the	
incoming	seismic	wave	is	nearly	vertical,	and	the	receiver	functions	represent	
the	structure	below	the	station.	This	assumption	is	successful	for	the	study	of	
the	 shallow	depths,	 for	 example,	 the	 structure	 of	 the	 crust. For	 the	 study	 of	
the	 deep	 structure,	 such	 as	 the	 upper	 mantle	 discontinuities,	 the	 receiver	
functions	sample	impedance	at	locations	significantly	far	from	the	station.	To	
resolve	 the	 impedance	 of	 the	 deep	 structure,	 the	 common	 conversion	 point	
(CCP)	stacking	method	is	frequently	used.		
	
Stacking	multiple	receiver	 functions	results	 in	reduction	of	 the	noise	and	
enhancement	 of	 the	 response	 of	 the	 structure.	 The	 CCP	 stacking	 method	
intends	to	enhance	the	response	of	 the	three-dimensional	(3-D)	structure	by	
stacking	 data	 corresponding	 to	 common	 conversion	 points.	 The	 relative	
delayed	 time	 of	 the	 receiver	 function	 is	 converted	 to	 the	 location	 of	 the	
conversion	point,	 and	 the	amplitude	at	 each	delayed	 time	 is	migrated	 to	 the	
corresponding	 conversion	 point.	 The	 migrated	 amplitudes	 of	 the	 receiver	
functions	are	used	 in	 the	stacking	with	a	properly	organized	scheme	of	bins.	
All	 the	 amplitudes	 of	 the	 receiver	 functions	 in	 defined	 bins	 are	 averaged	 in	
this	study.	For	a	convenient	display,	the	averaged	amplitudes	calculated	at	all	
depths	with	 a	 common	 location	 are	displayed	 like	 the	 conventional	 receiver	
functions.	Roughly,	the	CCP	stacked	receiver	functions	represent	the	response	










location	 for	understanding	 the	nature	of	plate	 tectonics,	as	 the	seismological	
discontinuities	 are	 good	 indicators	 for	 the	 study	 of	 plate	 tectonics.	 Using	
seismological	 methodology,	 especially	 the	 teleseismic	 receiver	 function,	 the	
structure	 of	 the	 discontinuities	 in	 the	 upper	 mantle	 can	 be	 resolved	 and	
interpreted.	 The	 discontinuities	 are	 studied	 by	 applying	 the	 CCP	 stacking	




In	Part	 I,	 the	 topography	of	 the	410	and	660	km	seismic	discontinuities,	
which	 define	 the	 mantle	 transition	 zone,	 is	 determined	 using	 teleseismic	 P	
receiver	functions	with	the	CCP	stacking	technique.	To	assess	the	effect	of	the	







In	Part	 II,	 the	structure	of	 the	upper	mantle,	 including	 the	 topography	of	
the	 LAB,	 is	 imaged	 using	 teleseismic	 S-receiver	 functions	 with	 the	 CCP	
stacking	technique.	The	resolved	topography	of	the	LAB	shows	a	much	thinner	
lithosphere	(<	100	km)	in	the	Korean	Peninsula	for	the	Precambrian	bedrock.	
Distinct	 differences	 are	 observed	 across	 the	 tectonic	 boundary	 between	 the	

















Studying depth variations of the 410- and 660-km seismic 
discontinuities—hereafter referred to as the 410, and the 660, respectively—
beneath the Korean Peninsula and surrounding regions is important, as it 
helps to increase understanding of the effects of cold slabs on upper-mantle 
discontinuities. The 410 and the 660 are well-established upper-mantle 
discontinuities, from seismological and mineral-physical perspectives. They 
have been detected around the globe, and generally explained by a series of 
phase transformations of olivine: olivine to wadsleyite (β-spinel) for the 
410, and ringwoodite (γ-spinel) to perovskite + magnesiowüstite for the 660 
[Ringwood, 1975; Ita and Stixrude, 1992]. The layer in between the 410 and 
the 660 is defined as the Mantle Transition Zone (MTZ). Inside the MTZ, 
another discontinuity was observed in some regions, at a nominal depth of 
520 km, attributable to the phase transformation of wadsleyite to 
ringwoodite [Shearer, 1996]. Although exact depths of phase 
 
8 
transformations locally vary with temperature, the type of change is 
determined by the Clapeyron slope. The Clapeyron slope is positive for the 
410 [Morishima et al., 1994], indicating that it will be elevated in a cold 
region such as a subduction zone. However, the Clapeyron slope is negative 
for the 660 [Ito and Takahashi, 1989], indicating that it will be depressed in 
such a region. Although it is well known that the 660 can play a role in 
interrupting slabs from descending into the lower mantle [Ringwood, 1994], 
how slabs are affected in detail significantly varies from place to place.  
 
The Pacific Plate is subducting underneath the North America (or 
Okhotsk) Plate at the Japan Trench, and underneath the Philippine Sea Plate 
at the Izu-Bonin Trench, respectively, with varying convergence rates and 
slopes. While the Japan slab, subducting westward at the Japan Trench, has 
a gentle slope and reaches a depth of 660 km beneath the eastern coast of 
the Korean Peninsula, the Izu-Bonin slab, subducting in southwest direction 
at the Izu-Bonin Trench, has a steeper slope and already reaches this depth 
beneath Kyushu Island, Japan [Gudmundsson and Sambridge, 1998] (Figure 
1a). Furthermore, tomographic images of seismic high-velocity anomalies 
from previous studies clearly showed that the Japan and Izu-Bonin slabs 
penetrate the 410, while they tend to flatten out over the 660 [Mégnin and 
Romanowicz, 2000; Huang and Zhao, 2006]. From this, it can be inferred 







FIGURE	 1.	 A)	 DISTRIBUTION	 OF	 KMA	 (CYAN	 AND	 RED),	 KIGAM	 (BLUE),	 AND	 FNET	 (GREEN)	
STATIONS	USED	IN	THIS	STUDY.	THE	DASHED	CONTOUR	LINES	REPRESENT	THE	ISO-DEPTHS	OF	
THE	 SUBDUCTING	 PACIFIC	 PLATE	 (JAPAN	 SLAB	 AND	 IZU-BONIN	 SLAB)	 AND	 PHILIPPINE	 SEA	
PLATE	(PHILIPPINE	SEA	SLAB)	WITH	50-KM	INTERVALS	[GUDMUNDSSON	AND	SAMBRIDGE,	1998].	
THE	 THICK	 CONTOUR	 LINE	 DENOTES	 THE	 660-LINE.	 DOTTED	 LINES	 (AA’–DD’)	 ARE	 PROFILE	
LINES	OF	CCP	STACKED	RECEIVER	FUNCTION	SECTIONS.	B)	DISTRIBUTION	OF	EVENTS	USED	 IN	
THIS	 STUDY,	 CENTERED	 AT	 (36.5°N,	 128.0°E).	 EPICENTRAL	 DISTANCES	 OF	 30°,	 60°,	 AND	 90°	
FROM	THE	CENTER	ARE	GIVEN	BY	THE	CONCENTRIC	CIRCLES	WITH	SMALLEST,	INTERMEDIATE,	







specific region. Furthermore, Obayashi et al. [2009] argued that the two 
slabs are torn apart at their junction below a depth of 300 km.  
 
The depth variations of the 660, determined from long-period SS 
precursors, are in good agreement with tomographic images [Shearer and 
Masters, 1992], indicating broad depression resulting from the cold—flat-
lying—slab. However, several other regional studies using receiver 
functions have reported otherwise. The receiver function image obtained 
from broadband seismic stations in Japan, and from some stations in Korea 
and China, shows a local depression of the 660 beneath northeast China, 
where the northern part of the Japan slab reaches the 660 [Li et al., 2000]. 
Moreover, Li and Yuan [2003] reported similar results, recorded by a 
regional network of receiver functions in northeastern China. They proposed 
that the northern part of the Japan slab locally penetrates the 660, where slab 
material has accumulated. However, the spatial-sample coverage of the 
depressed 660 may not be sufficient, due to the limited number of stations, 
especially to the south. In the same region, multiple discontinuities have 
been reported around the depressed 660, by yet another receiver function 
study [Ai et al., 2003]. These multiple discontinuities might be explained by 
phase transformations of non-olivine components in the upper mantle [e.g., 
Simmons and Gurrola, 2000], although the possibility that this discontinuity 
was formed by multiple reflections off shallower discontinuities of the 
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mantle cannot be ruled out [Li and Yuan, 2003].  
 
To better understand the complex interactions between upper-mantle 
discontinuities and the subducting Japan slab and Izu-Bonin slab, detailed 
topographic maps of the 410 and the 660 beneath the Korean Peninsula and 
the surrounding regions are of great importance. In this study, we present 
for the first time, high-resolution receiver function images of the MTZ 
beneath the Korean Peninsula, using the Common Conversion Point (CCP) 
stacking method. Our image also includes the MTZ beneath southwestern 
Japan. Broadband seismic networks were used to produce a high-resolution 
receiver function image, and it complements other images obtained from 
previous studies for northeast China [Li and Yuan, 2003], east China [Ai and 




Broadband waveforms were obtained from the Korea National Seismic 
Network (KNSN), operated by the Korea Meteorological Administration 
(KMA), the Korea Institute of Geoscience and Mineral Resources 
(KIGAM), and temporary stations installed by the Korea Ocean Research 
and Development Institute (KORDI). The histories and instrumental 
information of KNSN and KIGAM network are well described in a previous 
study [Park et al., 2010]. The KORDI temporary seismic network consists 
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of six stations, unevenly distributed over the western coastline of South 
Korea, with broadband seismometers (Guralp CMG-3T and Reftek RT 130 
datalogger). We also included data recorded by F-net broadband seismic 
stations [Matsumoto et al., 2006] in southwestern Japan, to expand our 
receiver function image, and to validate our results by comparison with 
previous receiver function results for the same region [Niu et al., 2005]. The 
total number of stations used in this study is 123, but the number of stations 
used for individual events varies (Figure 1a).  
 
We collected waveforms for 624 teleseismic events recorded by stations. 
To obtain a clear receiver function image, we selected events of > Mw 6.0 
and epicentral distances ranging between 30°–90°. This is because 
waveforms can be complex due to upper-mantle triplications and P-wave 
diffractions along the core-mantle boundary, for epicentral distances not 
within this range. To avoid low signal-to-noise ratio and P-waveform 
complexity due to complex rupture processes, we used each waveform that 
had a direct P-phase signal of clear and simple shape. In total, 328 events 
were selected, providing a good azimuthal distribution although events with 
back azimuths between 0°–90° are relatively rare (Figure 1b). 
 
Radial receiver functions were estimated by deconvolving radial 
components from vertical components using the iterative time-domain 
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deconvolution method [Ligorria and Ammon, 1999]. Out of the vast set of 
more than 13,000 receiver functions, ~5,200 receiver functions remained for 
further analysis, after removing noisy receiver functions. To remove noisy 
receiver functions, we first removed those with completeness of less than 
80%. Here, completeness is defined as the cross-correlation coefficient 
between two radial component waveforms. One is the observed radial 
component waveform and the other is the predicted radial component 
waveform obtained by convolution of the vertical component waveform and 
the radial receiver function. Then, those anomalous receiver functions with 
highly oscillating wiggles or large low-frequency noise were manually 
excluded. To enhance the generally low signal-to-noise ratio of P-to-S 
converted phases, and thus produce clearer images of upper-mantle 
discontinuities, we CCP stacked receiver functions [Owens et al., 2000]. For 
all station-event pairs, theoretical travel times and piercing (conversion) 
points of possible P-to-S phases were calculated for both 1D- and 3D 
models, at pre-defined conversion depths between 5 and 900 km, at 5-km 
intervals. The IASP91 [Kennett and Engdahl, 1991] is used as the 1D 
model, and the 3D model is constructed by combining the CRUST2.0 
[Bassin et al., 2000] and GAP-P2 [Obayashi et al., 2009] models.  
 
We migrated receiver functions from delayed times to corresponding 
piercing (conversion) points, by calculation of theoretical travel-time 
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differences between direct P waves, and P-to-S converted phases at every 
depth interval, enabling us to map the amplitudes of receiver functions at 
piercing (conversion) points of P-to-S converted phases. Two-dimensional 
grid cells with a lateral spacing of 0.25° were pre-defined at each depth and 
amplitudes of receiver functions at corresponding piercing points within 
1.0° circular bins around grid points were linearly stacked. The 1.0° circular 
bin size was selected after testing several bin sizes. With bin sizes of 0.25º 
and 0.5º, coherent signals were not observed because the number of receiver 
functions was insufficient to suppress the noise, whereas larger bin sizes 
reduced the resolving power. Therefore, we decided to use the bin size of 
1.0º based on considerations of stability and resolution. After CCP stacking, 
receiver functions could be regarded as good approximations to zero-offset 
data (zero source–receiver distance). Moreover, stacked amplitudes could be 
regarded as good approximations of the amplitudes of P-to-S converted 
phases at their piercing points, i.e., at the discontinuities responsible for 
these conversions (Figure 1c-d). To avoid distortions that occur when noise 
is not muted due to an insufficient number of receivers, we removed stacked 
amplitudes when the number of stacked receiver functions was less than 20. 
The depths of both the 410 and the 660 were determined by selecting the 
dominant peaks at corresponding depths for each grid point. In some 
regions, multiple peaks were observed near the depths of 410 and 660 km. 
However, we did not investigate these multiple peaks further. Moreover, 
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only dominant peaks were assumed to give reliable depth estimates of the 
corresponding discontinuity. However, when multiple peaks had too similar 
amplitudes, the dominant peak caused unstable sequences of detection, 
resulting in—locally—unrealistic imaging of the topography of the 410 and 
the 660. To reduce this effect, we applied a spatial moving average on the 
determined depths of the 410 and 660 for smoothing of the topography. In 
addition to multiple peaks, negative peaks were also observed in the 
vicinities of the discontinuities, especially above the 410. These negative 
signals could be related to partial melting at the top of the 410 [Song et al., 
2004]. Although the investigation of negative peaks is important to 
understand the nature of the discontinuities, we set aside these observations 
for future study and instead, focus on the topography of the 410 and 660 in 




Figure 2 shows the CCP stacked receiver functions, along the profiles 
indicated in Figure 1. To emphasize the significant peaks, positive 
amplitudes of up to two sigma error bounds (negative side) from the mean 
are shaded in black. The mean and two sigma error bounds are derived from 
bootstrapping. To compare seismic-velocity structure and receiver function 





FIGURE	 2.	 CCP	 STACKED	 RECEIVER	 FUNCTION	 SECTIONS	 BASED	 ON	 THE	 IASP91	 1D-VELOCITY	
MODEL	FOR	PROFILE	LINES	AA’–DD’.	THE	POSITIVE	AMPLITUDES	OF	UP	TO	TWO	SIGMA	ERROR	
BOUNDS	FROM	THE	MEAN	ARE	SHADED	IN	BLACK.	THE	MEAN	AND	TWO	SIGMA	ERROR	BOUNDS	
ARE	 DERIVED	 FROM	 BOOTSTRAPPING.	 THE	 BACKGROUND	 COLOR	 SPECTRUM	 FROM	 BLUE	 TO	






GAP_P2 model [Obayashi et al., 2009], on a background image. Overall, 
positive peaks are clearly observed at depths corresponding to the 410 and 
the 660. In the profiles BB’ and CC’ (Figure 2), the 410 is elevated where it 
is penetrated by the cold Pacific slab, whereas the 660 is depressed where 
the slab reaches a depth of 660 km. However, the topographic maps of the 
410 and 660 (Figure 3a-c) show features that are more complex in terms of 
depth variations of the upper-mantle discontinuities. The mean depths of the 
410 and 660 are 415 and 677.4 km with standard deviations of 10.3 and 9 
km, respectively. Far from the subducting slab, where the velocity 
perturbation is not strong, the depths of the discontinuities approach global 
average values. Therefore, we assume that the normal depths of the 
discontinuities in the study area are the same as global average depths. It is 
widely accepted that the velocity perturbations in the tomography model 
represent temperature changes. Therefore, it is interesting to compare depth 
changes and velocity changes (Figure 3). For a more quantitative 
comparison, the distribution of the velocity anomaly (dVp) versus the depth 
change (dH) for the 410 (Figure 4b) and 660 (Figure 4d) is investigated. For 
the 410, it is apparent that the correlation is very poor (Figure 4b), which 
indicates that depth changes are not controlled primarily by temperature 
changes. Conversely, the theoretical linear relationship derived from the 
Clapeyron slope of -2.5 MPa/K explains the main trend of the distribution 







MTZ	 THICKNESS	 (C)	 DETERMINED	 WITH	 THE	 IASP91	 1D-VELOCITY	 MODEL.	 THE	 VELOCITY	
PERTURBATION	AT	THE	CORRESPONDING	DEPTHS	TO	THE	410	(D),	THE	660	(E),	AND	THE	MTZ	
THICKNESS	 (F)	 FROM	 GAP-P2	 [OBAYASHI	 ET	 AL.,	 2009]	 WITH	 CONTOUR	 LINES	 OF	 THE	
TOPOGRAPHY.	THE	TOPOGRAPHY	OF	THE	410	(G);	TOPOGRAPHY	OF	THE	660	(H);	VARIATION	
OF	 THE	 MTZ	 THICKNESS	 (I)	 DETERMINED	 WITH	 THE	 3D-VELOCITY	 MODEL.	 THE	 COLORS	
REPRESENT	THE	PERTURBATION	OF	DEPTH	WITH	RESPECT	TO	410	KM	(A,	G),	AND	TO	660	KM	
























4d). Significant scatters clustered in specific regions (Figure 4e), and depth 
changes within those regions, might require alternative explanations besides 
temperature changes.  
 
The IASP91 [Kennett and Engdahl, 1991], i.e., the 1D reference earth 
model, is widely known as a good reference model for imaging the upper-
mantle velocity structure. Furthermore, it has frequently been used to map 
amplitudes of phases to their corresponding conversion points—by using 
theoretically calculated arrival times—for the purpose of CCP stacking of 
receiver functions [e.g., Cao and Levander, 2010; Tian et al., 2011; Li et al., 
2013b; Tauzin et al., 2013]. However, a major drawback of this model is 
that it cannot account for the lateral heterogeneities of the earth. Therefore, 
a 3D model of the upper-mantle velocity structure was also constructed, by 
combining the CRUST2.0 [Bassin et al., 2000] and the GAP-P2 [Obayashi 
et al., 2009] models. By comparing results produced by the IASP91 1D 
model (Figure 2 and Figure 3a-c) with those produced by the 3D model (Figure 
5 and Figure 3g-i), the effects of heterogeneities of the earth can be taken into 
account. Figure 5 shows the CCP stacked receiver functions obtained with 
the 3D-velocity model along profile lines AA’–DD’ (Figure 1). Again, the 
observed depth changes of the 410 and 660 are likely to have been the result 
of the low temperature of the cold Pacific Plate (Figure 2). The 410 and 660 





FIGURE	 5.	 CCP	 STACKED	 RECEIVER	 FUNCTION	 SECTIONS	 BASED	ON	 THE	 3D-VELOCITY	MODEL	
CONSTRUCTED	 FROM	 CRUST2.0	 AND	 GAP-P2	 FOR	 PROFILE	 LINES	 AA’–DD’.	 THE	 POSITIVE	
AMPLITUDES	OF	UP	TO	TWO	SIGMA	ERROR	BOUNDS	FROM	THE	MEAN	ARE	SHADED	IN	BLACK.	
THE	 MEAN	 AND	 TWO	 SIGMA	 ERROR	 BOUNDS	 ARE	 DERIVED	 FROM	 BOOTSTRAPPING.	 THE	
BACKGROUND	 COLOR	 SPECTRUM	 FROM	 BLUE	 TO	 RED	 REPRESENTS	 FAST	 TO	 SLOW	 P-WAVE	





used. Differences in depths based on the 1D and 3D models become 
apparent in the western part of the study area. In theory, discontinuity 
depths—i.e., depths of P-to-S conversion points—become greater as Vp 
becomes higher, or as the Vp/Vs ratio becomes lower in the reference 
model. Compared with the IASP91 model, higher P-wave velocities (Vp) 
above the 410-km depth of the GAP_P2 model, can result in greater depths 
of both the 410 and 660. In this study, the Vp/Vs ratio is held fixed (at a 
value of 1.8) to facilitate construction of a 3D-velocity model. At this point 
it must be emphasized that recently, a higher water content was reported in 
the MTZ of the northwestern Pacific subduction zone [Li et al., 2013a]. In 
the case of higher water content, a Vp/Vs ratio higher than 1.8 would be 
expected. Therefore, the depression of the 660 may be overestimated in this 
study. Figure 3g-i shows the topography of the 410 and 660 based on the 3D-
velocity model, similar to Figure 3a-c.  
 
Comparing Figure 3g-i with Figure 3a-c, the absolute depths of 
discontinuities are different. The difference between the topographic results 
obtained with the 1D and 3D models is shown in Figure 6. The difference 
maps for the 410 and 660 show consistent patterns. This indicates that the 
velocity structure above the 410 is more important for the 3D correction in 
this region. Although the difference between 1D and 3D corrections is not 













consistent regardless of the reference model. Hence, it is unlikely that the 
observed lateral-depth variation of the upper-mantle discontinuities has been 
caused by the velocity model used for migration of receiver functions.  
 
Three major anomalous features are identified from the topography of 
the 410 in the study area. Firstly, an elevation of the 410 is observed where 
the cold subducting slab penetrates and passes through it, commonly 
associated with the positive Clapeyron slope of the Olivine-to-Wadsleyite 
transition. Many researchers have reported that the 410 beneath Japan is 
elevated by the effect of the cold Pacific slab [e.g., Tono et al., 2005]. This 
elevation of the 410 has also been reported by receiver function studies [Niu 
et al., 2005; Tonegawa et al., 2005]. However, Li et al. [2000] did not detect 
the elevation of the 410, although they used a methodology identical to our 
own. According to Li et al. [2000], this could be explained by the issue of 
steep depth change, which could not be resolved in this narrow region of the 
elevated 410, due to low resolution resulting from the larger size of the 
stacking bin used in their study. Our results show features that are more 
detailed. If we look into the pattern of the elevated 410 shown in Figure 3a, 
the width of the elevated 410 becomes minimal—i.e., narrowest—around a 
latitude of 35°N, where tearing of the subducting slab has been reported by 
Obayashi et al. [2009]. This could indicate that our study has detected the 
gap of the torn subducting slab, where the 410 might not be elevated. 
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However, this feature is not clear in the topographic map produced with the 
3D-velocity model, due to the limited resolution of the receiver functions, 
and the spatial moving average used in this study. Therefore, we cannot rule 
out the possibility of an artifact. To ensure detection of the gap of the torn 
slab, a more detailed investigation is required. While the subducting Pacific 
Plate penetrates the 410 and descends into the MTZ, the Philippine Sea 
slab—subducting at the Ryukyu Trench—was also found to either reach or 
penetrate the 410 by Abdelwahed and Zhao [2007]. From the background 
tomography images along the profiles CC’ and DD’ (Figure 2c and Figure 
2d), high-velocity anomalies presumably caused by the Philippine Sea slab 
are observed above the 410. However, corresponding depth changes of the 
410 were not observed in this study. This could imply that the Philippine 
Sea slab does not extend down as far as the 410, i.e., no temperature 
anomaly exists. However, it could also imply that the Philippine Sea slab 
does reach the 410, but that it is too thin and not cold enough for any 
changes in depth of the 410 to be observable, because of its young age.  
 
The second anomalous feature is the significantly depressed 410 around 
(37°N, 138°E). This depression of the 410 is observed in both topographic 
maps, obtained from the 1D-velocity reference model and the 3D-velocity 
model. A low-velocity anomaly has been reported to exist atop this region 
of depression by many other tomographic studies [Bijwaard et al., 1998; 
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Fukao et al., 2001; Zhao, 2004; Obayashi et al., 2006]. Zhao [2004] 
performed high-resolution travel-time tomography, using both local and 
teleseismic events recorded by dense seismic networks on the Japanese 
Islands, to investigate the details of the low-velocity anomaly beneath the 
subducting Pacific slab. Based on the resultant high-resolution tomographic 
images, two possible explanations have been proposed for the anomaly. One 
explanation involves a local mantle-convection pattern—a hot upwelling—
induced by the subducting Pacific slab. The other explanation is that the 
anomaly might be a trace of a small mantle plume, rising upward from the 
lower mantle. Unfortunately, it is unclear which of these two explanations 
for the anomaly is more likely to be true. Two studies that used triplicated 
P-waveforms [Obayashi et al., 2006], and multiple ScS reverberations 
[Bagley et al., 2009], respectively, have also been performed (in the region 
including the anomalous area). In both studies, a low-velocity layer was 
observed above the 410. However, the study that used triplicated P-
waveforms reported the observation of a depressed 410, while results of the 
multiple-ScS-reverberation study suggested an elevated 410. Although 
further investigations are required to reconcile these seemingly 
contradicting results, the depressed 410 observed in this study seems to be 
consistent with that observed in the triplicated-P-waveform study.  
 
The last anomalous feature of the 410 in the study area is the broad 
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depression stretching from the Korean Peninsula to Kyushu Island. The 
histogram for the depth of the 410 shows an interesting feature (Figure 4a). 
The overall histogram seems to follow the normal distribution, but there is a 
significant peak around the depth of 430 km. The geographic points 
corresponding to this depth are well correlated with the broadly depressed 
region. The most common explanation for this broad depression is that the 
temperature of this region is higher than that of surrounding regions. 
However, any evidence of low-velocity anomalies indicating high 
temperatures is not reported by tomography results [Obayashi et al., 2009]. 
The depression of the 410 might be an artifact that originated from low-
velocity anomalies at the upper mantle—i.e., shallower than 300 km—in the 
study area [e.g., Fukao et al., 1992, 2009; Obayashi et al., 2006; Zhao et al., 
2013], except where the subducting slab exists. These low-velocity 
anomalies at the upper mantle result in artificial depressions when the 
IASP91 1D global average model is used, which is faster than the real earth. 
However, the coherency of the lateral-velocity structure and 410 depression 
patterns has been found to be poor. Therefore, it is not likely that the 
depression of the 410 resulted from variations in temperature alone, or that 
it is merely an artifact due to shallower low-velocity anomalies. In addition 
to variations in temperature, variations in chemical composition could also 
result in depth variations of the 410. For example, Schmerr and Garnero 
[2007] observed a seismic discontinuity at a depth that was somewhat 
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deeper than the global average of the 410, extending several thousands of 
kilometers to the east of the Nazca slab subducting underneath the South 
American continent. They suggested the observed discontinuity to be the 
lower boundary of a hydrated lens of wadsleyite, rather than an olivine-to-
wadsleyite transition boundary. Furthermore, they suggested that if it were 
an olivine-to-wadsleyite transition boundary, that Mg enrichment in the 
mantle wedge resulted in the observed depression of the 410. They also 
suggested that the large lateral extent—from east to west—of the depression 
might be related to trench-rollback history.  
 
East of the study area (Figure 1a), the Pacific Plate subducts westward. 
The subduction angle is gentle at the Japan Trench, becoming steeper 
toward the Izu-Bonin Trench. This spatial variation in the subduction angle 
originates from complex trench-rollback history, including the opening of 
the East Sea [Miller and Kennett, 2006]. In Figure 3a, the width of the 
depressed 410 varies with latitude in a way similar to the angles of 
subduction. This indicates that discontinuity formation at depths below 410 
km—beyond the subducting slab—by trench-rollback migration might be 
possible, in a way similar to that suggested by Schmerr and Garnero [2007]. 
The variation of width of the 410 with latitude is not prominently visible in 
the map constructed using the 3D-velocity model. However, the depression 
of the 410 beneath the Korean Peninsula and Kyushu Island is clearly 
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visible (Figure 3g).  
 
That the Pacific slab has become stagnant after reaching the 660 has been 
imaged by many tomographic models [Fukao et al., 2001; Huang and Zhao, 
2006; Obayashi et al., 2009]. For most regions in the study area, the cold 
slab could be expected to be atop the 660, except for those regions where 
the slab might have locally descended into the lower mantle. If we assume 
that the petrological and chemical compositions of the slab are uniform over 
the study area, temperature variations at the 660 should be the dominant 
cause for variations of its depth. If we only consider the effect of 
temperature, we might expect maximized depression where it is encountered 
by the slab. Furthermore, we might expect a gentle westward decrease of the 
level of depression, as the temperature difference between the slab and the 
surrounding mantle decreases [Li et al., 2013a]. However, at points where 
the slab penetrates the 660, and descends into the lower mantle, local 
depressions can occur because the temperature at the center of the slab is 
lower than at its outer parts [Li and Yuan, 2003].  
 
It is clear from Figure 2, that the 660 is considerably depressed at 
longitudes 130ºE and 135ºE in profile lines BB’ and CC’, respectively, and 
that these regions roughly correspond to those regions where the slab 
encounters it. Furthermore, the level of depression slowly decreases 
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westward and Figure 5 shows similar features. Although these observations 
are more-or-less consistent with expectations, the topographic maps of the 
660 show complex features (Figure 3b and Figure 3h). Based on the 
assumption that the thickness of the subducting slab is about 100 km, the 
550-km contour line of the slab surface roughly indicates where the slab 
encounters the 660 and starts to affect the depth of the 660. The thick 
dashed line in Figure 3 indicates the 550-km contour line, which will be 
referred to as the “660-line” hereafter. Since the temperature of the slab is 
more-or-less uniform along the 660-line, it is interesting to investigate depth 
variations of the 660 along the 660-line, because along such lines, other 
depth-affecting factors might be most easily revealed. Interestingly, the 
depth of the 660 shows significant variation with latitude along the 660-line. 
The most remarkable observation is that the depressed region of the 660 
extends in the NW–SE direction along the 660-line on the southeastern part 
of the study area. However, depression of the 660 does not appear at 
latitudes above 38ºN. This pattern is consistent for both maps obtained 
using different reference models (Figure 3b and Figure 3h).  
 
Southeast of the study area, depressed regions of the 660 might be 
expected along the 660-line because of the subducting cold Pacific slab 
associated with the Izu-Bonin Trench. Local maxima of depression have 
been observed underneath Kyushu Island and the northern Philippine Sea. 
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Among these maxima, the significant depression underneath the northern 
Philippine Sea at 31ºN, 135ºE, coincides with a high-velocity anomaly at a 
depth of ~660 km, reported by tomographic studies [van der Hilst et al., 
1991; Fukao et al., 1992; Obayashi et al., 2006]. Using the receiver 
functions obtained from Ocean Bottom Seismograph stations deployed in 
this area, the average depth of the 660 under the stagnant slab is reported to 
be 691 km [Suetsugu et al., 2010]. Furthermore, the preferred 1D-velocity 
model for determining upper-mantle structure—identified by using P-wave 
triplications observed slightly south of the high-velocity anomaly—shows a 
depression of approx. 30 km [Shito and Shibutani, 2001]. However, another 
such 1D-velocity model constructed using P-wave triplications for a region 
west of the high-velocity anomaly observed in this study [Brudzinski et al., 
1997; Tseng and Chen, 2004], indicates a high-velocity layer above the 660, 
while there are no depth changes of the 660. Results obtained using P-wave 
triplications provide local characteristics of the seismic-velocity structure, 
where seismic phases are either refracted or reflected at discontinuities. 
Therefore, the different results obtained for adjacent regions indicate that 
the depth of the 660 fluctuates significantly beneath the stagnant slab. P-
wave triplication studies have also produced various results about the 660 
beneath Kyushu where the locally depressed 660 is observed in this study 
[Shito and Shibutani, 2001; Tajima et al., 2009]. The variety of results from 
P-wave triplication studies also indicates that the depth of the 660 changes 
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rapidly beneath Kyushu Island, which supports the possibility of a large 
local depression. In our study, the depth of the 660 was observed to increase 
by more than 40 km at the local maximum. Under the assumption of a 
Clapeyron slope of -2.5 MPa/K [Fukao et al., 2009], this implies that the 
temperature is ~650 degrees lower at this maximum, compared with the 
surrounding mantle. If we account for the water content as well as the 
Clapeyron slope, the depth change of the 660 and the seismic velocity 
change are converted to the thermal change and the water content change 
[Suetsugu et al., 2006]. The maximum depression of the 660 is 44 km and 
the velocity perturbation at the same location is 1.4%. Thus, the thermal 
change of -690 K and water content change of 1.1 wt.% are derived. This 
difference in temperature indicates the possibility of the slab penetrating the 
660 and descending into the lower mantle. This is further supported by the 
high-velocity anomaly observed at a depth of 756 km, through the 
tomographic model of Obayashi et al. [2009]. 
 
As was mentioned earlier, the depth of the 660 along the 660-line has 
local maxima to the south of the study area, elevating with increasing 
latitude. Furthermore, the depression of the 660 becomes less than 20 km—
eventually—at latitudes above 38ºN, which is consistent with previous 
studies that also report weak depression beneath the east coast of the central 
Korean Peninsula. This region of undepressed 660 is well correlated with 
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one of the locations where dH is not correlated with dVp (Figure 4). Li et al. 
[2000] reported a depression of the 660 in the latitude range of 30ºN–45ºN. 
Meanwhile, they observed that the 660 was not depressed beneath the 
central part of the Korean Peninsula (refer to Figure 8c and 8d in Li et al. 
[2000]). However, they have not explained why the 660 is not depressed at 
these latitudes. When compared in detail, our results show different features 
than those of Li et al. [2000], due to differences in resolution. However, the 
undepressed 660 beneath the east coast of the Korean Peninsula was 
consistently revealed by both this study and by Li et al. [2000]. Other 
evidence that the 660 is not depressed is presented by Tajima et al. [2009], 
who identified the preferred seismic 1D-velocity models for determining 
upper-mantle structure beneath northeast Asia, by performing P-wave 
triplication studies. Their models consistently showed a high-velocity layer 
above the 660, indicating the stagnant slab from latitudes 30ºN–45ºN, along 
the 660-line. Furthermore, they found the 660 to be depressed at latitude 
37ºN, but not between latitudes 39ºN–40ºN. According to these diverse 
studies, it is likely that the 660 is not depressed in the latter region. There 
are several possible explanations for this phenomenon, despite the presence 
of the cold stagnant slab.  
 
One possible explanation is the absence of the stagnant slab in this 
particular area. However, this is very unlikely, because of the occurrence of 
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earthquakes at depths below 600 km, and because of the high-velocity 
anomalies that have been reportedly observed above the 660 by many 
independent tomographic studies.  
 
Another explanation is given by the possibility of a different petrological 
or geochemical composition of the slab in this particular area [Tajima et al., 
2009]. Tajima et al. [2009] suggested a hypothetical model of a hydrous 
garnet-rich layer, i.e., a layer of subducted crust at the uppermost part of the 
slab, flowing down to the 660 at the tip and the gap of the stagnant slab. 
This led them to interpret the non-depressed 660 to be adjacent to the 
depressed 660. This model also explains the discrepancy between the 
depressed and undepressed 660, having in common a high-velocity layer 
above the 660. If this model were true, the topography should have features 
that show regions of depressed 660 bounded by regions of undepressed 660. 
However, no such features could be identified from our topographic maps.  
 
A third possible explanation is offered by the possibility of changing 
water content in the slab. Recently, it has been reported that the depth of the 
post-spinel transformation depends on water content [Higo et al., 2001; 
Yamada et al., 2009]. According to these studies, 2.0 wt.% of water can 
cause the 660 to depress by about 15 km without temporal change [Cao and 
Levander, 2010]. Moreover, Litasov et al. [2005] revealed that the 
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Clapeyron slope of the post-spinel transformation varies significantly with 
water content. They determined the Clapeyron slope to be -0.5 MPa/K for 
an anhydrous mantle and -2.0 MPa/K for a hydrous mantle with 2.0 wt.% of 
water. Furthermore, they found that the depth of the post-spinel 
transformation could increase by as much as 30 km in the hydrous mantle, 
as opposed to only 7.5 km in the anhydrous mantle (under identical 
temperature conditions). According to these results, even under the 
condition of homogenous temperature, the 660 depth might vary with water 
content. Therefore, the depth variations of the 660 that occur under the 
conditions of homogenous temperature along the 660-line might indicate 
water-content heterogeneity—in the slab, or MTZ—beneath the study area. 
However, the origins of the differences in water content remain unclear, and 
studies that are more comprehensive are required to investigate this.  
 
Lastly, the depth change of the 660 could be a consequence of 
differences in complex geodynamical properties, such as subduction angles, 
or undulation of slabs. The location where the depth of the 660 changes 
rapidly along the 660-line is close to the boundary between the two 
subducting slabs associated with the Japan Trench and the Izu-Bonin Trench 
(if we project the boundary at the junction of the trenches at the ocean floor 
to a depth of 660 km, based on the assumption that the directions of 
subduction are uniform). This indicates that differences in depth of the 660 
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might be related to the characteristics of the slabs subducting at the Japan 
Trench and the Izu-Bonin Trench. The Japan slab subducts with an 
inclination of 30º [Miller and Kennett, 2006] and a convergence rate of 9.2 
cm/yr [DeMets et al., 1994], and the Izu-Bonin slab subducts with an 
inclination of 45º [Miller and Kennett, 2006] and a convergence rate of 
about 6 cm/yr [Seno et al., 1993]. This difference in the angle of subduction 
of these two slabs in the northwestern Pacific, which has been attributed to 
the complex trench-rollback history [Miller and Kennett, 2006], has also 
been identified by the tomographic models (Figure 2). The geometrical 
properties of subducting slabs descending into the MTZ are determined by 
their angles of subduction and their convergence rates. In general, when the 
subduction angle is high, slabs penetrate the 660 and descend into the lower 
mantle. When the subduction angle is low, slabs do not penetrate the 660, 
but deform and bend, prior to becoming stagnant. The Japan slab and Izu-
Bonin slab are generally considered stagnant above the 660. However, their 
different geometrical properties could result in—locally—distinct 
geometries of these stagnant slabs. In turn, this could lead to depth 




To understand the interactions between the subducting Pacific slab and 
the upper-mantle discontinuities, we investigated the topography of the 410 
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and 660 using teleseismic receiver functions recorded by seismic stations in 
the Korean Peninsula and southwestern Japan. We used 1D- and 3D-
velocity models to migrate receiver functions to piercing (conversion) 
points of P-to-S converted phases, and CCP stacking techniques were 
applied to construct images of the upper-mantle discontinuities. Peaks 
corresponding to the 410 and 660 were observed consistently between the 
1D- and 3D-velocity models used for migration of receiver functions, and 
clearly imaged for the entire area of study, while for some regions multiple 
peaks were observed. The images confirm that the regional topography of 
the 410 and 660 are affected by the subducting slab. Moreover, the lateral 
variations of the depths of both discontinuities are highly complex and 
cannot be explained by variations in temperature alone. In general, the 410 
and 660 are elevated and depressed, respectively, where there are 
subducting cold slabs. The region of depressed 410 observed beneath the 
Korean Peninsula and southwestern Japan might indicate a type of relict 
structure related to the complex trench-rollback history of the region. For 
the 660, it is well known that the slab becomes stagnant in this region. 
However, a considerable depression of the 660 is locally observed in the 
northern Philippine Sea, which might indicate that the subducting slab could 
penetrate the 660 and descend toward the lower mantle at certain locations. 
The most important finding of this study is that the depth of the 660 varies 
systematically along the trench axis. Possibly, this is simply because the 
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angle of subduction varies with latitude, although the spatial heterogeneity 
of water content of the slabs might also contribute to this effect. It is an 
interesting hypothesis, but we still need to explain how water content could 













by	 the	 continental	 collision	 between	 the	 Sino-Korean	 Block	 (SKB)	 and	 the	
South	 China	 Block	 (SCB)	 in	 the	 Permian.	 Since	 the	 continental	 collision,	 the	
Korean	Peninsula	has	been	at	the	plate	margin.	From	the	Jurassic,	 the	paleo-
Pacific	 plate	 (i.e.,	 Izanagi	 Plate)	 started	 to	 subduct	 under	 the	 Eurasian	 Plate	
from	 the	 southeast	 and	diminished	below	 the	Eurasian	Plate	 around	60	Ma.	




understanding	 the	 tectonic	 process	 although	 the	mechanism	 of	 the	 LAB	 has	
not	been	fully	understood.	There	has	been	no	previous	study	about	the	direct	
local	 measurement	 of	 the	 LAB	 depth	 beneath	 the	 Korean	 peninsula.	 Some	
global	and	regional	studies	show	LAB	depths	of	about	85	–	100	km	around	the	
Korean	Peninsula	[Artemieva	and	Mooney,	2001;	An	and	Shi,	2006;	Artemieva,	
2006;	Pandey	et	al.,	 2014].	 In	 addition,	 an	 LAB	 around	 70	 km	 in	 depth	was	





The	 base	 rock	 of	 the	 Korean	 Peninsula	was	 created	 in	 the	 Precambrian.	
The	 thickness	 of	 the	 lithosphere	 resolved	 from	 global	 surface	 wave	
tomography	is	too	thin	for	the	Precambrian	craton.	This	thin	asthenosphere	is	
also	 observed	 in	 eastern	 China	 at	 the	 east	 of	 the	 North-South	 Gravity	
Lineament	(NSGL).	The	thin	lithosphere	in	the	Korean	Peninsula	and	eastern	
China	is	considered	to	be	the	result	of	lithosphere	thinning	during	the	Jurassic	
and	 the	 Cretaceous,	 respectively.	 Several	 models	 have	 been	 proposed	 to	
explain	 the	 process	 of	 the	 lithosphere	 thinning.	 For	 the	most	 part,	 they	 are	
sorted	 into	 two	 groups	 by	 principle	 concepts.	 One	 group	 is	 the	 lithosphere	
delamination	 in	 which	 the	 eclogite	 developed	 by	 high	 pressure	 during	 the	
continental	 collision	 at	 the	 lower	 crust	 is	 delaminated	 into	 the	 deep	
asthenosphere.	The	 surrounding	 asthenosphere	 is	 upwelled	 into	 the	opened	
space	by	the	delamination	and	a	new	lithosphere	mantle	is	formed.	The	other	
group	is	lithosphere	erosion	in	which	the	lower	part	of	the	lithosphere	mantle	
is	 eroded	 by	 upwelling	 hot	mantle.	 In	 the	 both	 cases,	 the	mantle	 upwelling	
plays	 an	 important	 role	 in	 lithosphere	 thinning	 and	 accompanies	 massive	




of	 the	LAB	beneath	the	Korean	Peninsula.	The	receiver	 function	technique	 is	





discontinuities,	 such	 as	 at	 the	 Moho	 and	 the	 sedimentary	 basins,	 which	
contaminates	 the	response	of	 the	LAB	 in	 the	P	receiver	 functions	(PRF).	The		





Seismograms	 recorded	 by	 seismic	 stations	 installed	 on	 the	 Korean	
Peninsula	from	2005	to	2012	are	obtained	(Figure	7).	The	distribution	of	the	
stations	 is	 shown	 in	 Figure	 8.	 These	 stations	 are	 operated	 by	 the	 Korea	
Meteorological	 Administration	 (KMA)	 and	 Korean	 Institute	 of	 Geology	 and	
Mining	(KIGAM).	Events	with	magnitude	equal	to	or	larger	than	5.5	epicentral	
distances	 within	 60°	 -	 85°	 are	 selected	 from	 EHB	 bulletins	 [International	
Seismological	 Centre,	 EHB	Bulletin,	 http://www.isc.ac.uk,	 Internatl.	 Seis.	 Cent.,	
Thatcham,	United	Kingdom,	2009].		
	
Data	 with	 low	 signal-to-noise	 ratio	 (SNR)	 is	 excluded	 when	 calculating	
SRF.	The	SRFs	are	calculated	for	data	with	the	SNR	of	the	S	phase	greater	than	
three.	 The	 time	 domain	 iterative	 deconvolution	method	 is	 used	 to	 calculate	
SRFs	[Ligorria	and	Ammon,	1999].	In	the	deconvolution,	seismograms	for	60	s	


















FIGURE	 8.	 DISTRIBUTION	 OF	 THE	 STATIONS	 (TRIANGLES)	 AND	 THE	 CONVERSION	 POINTS	








S-phase,	 the	 seismograms	 are	 reversed	 in	 time.	 Receiver	 functions	 are	
obtained	 by	 deconvolving	 the	 vertical	 component	 by	 the	 radial	 component.	
The	amplitudes	of	the	receiver	functions	are	inverted	for	consistency	with	the	
PRFs.	 Therefore,	 the	 positive	 signal	 represents	 the	 converted	 waves	
corresponding	to	the	discontinuity	of	the	downward	velocity	increase	(such	as	
Moho)	 and	 the	 negative	 signal	 represents	 those	 of	 the	 downward	 velocity	
reduction	(such	as	LAB).		
	
The	 length	 of	 the	 S-phase	 is	 different	 for	 each	 event.	 The	 SRFs	 are	
calculated	 for	 the	 data	 cut	 at	 several	 times	 after	 the	 S-phase	 arrival	 time.	
Among	 those	 SRFs	 obtained	 with	 various	 time	 windows,	 the	 SRF	 with	





In	 total,	 1771	 SRFs	were	 selected	 and	used	 to	 image	 the	discontinuities.	
The	locations	of	the	earthquakes	of	the	SRFs	are	shown	in	Figure	7.	The	S-to-p	
conversion	 points	 at	 100	 km	 depth	 are	 plotted	 in	 Figure	 9.	 The	 conversion	
points	 cover	 the	 Korean	 Peninsula	 in	 a	 roughly	 uniform	 pattern.	 The	


































to	 three-dimensional	 (3-D)	 conversion	 points.	 The	 time	 from	 the	 S-phase	
arrival	is	converted	to	the	corresponding	location	of	the	S-to-p	conversion	by	
modeling	the	theoretical	arrival	times	of	conversion	phases	at	each	depth	with	





conversion	 points	 at	 each	 depth.	 The	 projected	 traces	 in	 3-D	 space	 are	
averaged	 with	 horizontal	 circular	 bins.	 The	 data	 projected	 on	 the	 bin	 are	
averaged.	 At	 each	 depth	 with	 1	 km	 spacing,	 the	 average	 amplitude	 is	
calculated	 using	 a	 circular	 bin.	 The	 size	 of	 the	 bin	 is	 selected	 to	 be	 1.5°	 in	
radius.	According	 to	 a	 test	 of	 various	bin	 sizes	 (from	0.5°	 to	2°	 in	 radius),	 a	




of	 the	 P-phase.	 The	 S-phase	 itself	 is	 complex	 compared	 to	 the	 P-phase.	













NW-SE	direction,	 is	adequate	 for	 investigating	 the	main	variation	of	 the	LAB	
because	 it	 is	 roughly	 perpendicular	 to	 the	 main	 extended	 direction	 of	 the	
tectonic	 regions.	 In	 Figure	 11,	 the	 solid	 lines	 represent	 the	 stacked	 SRFs	 at	
each	 point	 on	 the	 profile	 line	 AA’.	 The	 positive	 and	 negative	 amplitudes	
exceeding	 the	 standard	 error	 (±1σ)	 of	 the	 bootstrap	 test	 are	 presented	 as	
areas	 shaded	 in	 red	 and	 blue,	 respectively.	 The	 blue	 signals	 represent	 the	
interfaces	of	the	downward	velocity	reduction.		
	
In	 the	 stacked	 SRF	 section	 along	 the	 profile	 line	 AA’	 (Figure	 11),	 the	
stacked	 SRFs	 to	 the	 north	 of	 39°	 N	 are	 large	 in	 amplitude	 and	 strongly	
oscillating.	Furthermore,	the	amplitude	of	the	SRF	is	smaller	than	the	1σ	of	the	
bootstrap	 test	 at	 all	 depths.	 This	 implies	 that	 the	 data	 is	 not	 sufficient	 to	
suppress	the	noise	 in	the	SRF	to	the	north	of	39°	N.	 In	other	 locations	to	the	





















km	depth.	This	phase	 is	 interpreted	as	the	SmP	phase,	which	 is	converted	at	
the	Moho.	This	Moho	depth	 is	 comparable	with	 those	of	 previous	 studies	 in	
the	Korean	 Peninsula	 [Chang	and	Baag,	 2007;	Yoo	et	al.,	 2007].	 Because	 the	
target	of	this	study	is	the	imaging	of	the	LAB,	the	details	of	the	Moho	will	not	
be	 analyzed	 further.	 With	 the	 lower	 frequency	 content	 of	 the	 S-wave,	 the	
resolution	 of	 the	 SRF	 is	 lower	 than	 the	 PRF.	 Therefore,	 the	 PRF	 is	 more	
appropriate	to	study	the	Moho.		
	
In	 the	 section	 of	 the	 stacked	 SRFs	 along	 the	 profile	 line	 AA’,	 negative	
signals	appear	at	the	depth	range	of	50	-	120	km	(Figure	11).	North	of	~38°	N,	
the	 negative	 phase	 (labeled	 as	 N1)	 with	 an	 average	 depth	 of	 95	 km	 is	
observed.	 Two	 negative	 phases	 are	 observed	 to	 the	 south	 of	 36°	 N	with	 an	
average	 depth	 of	 75	 km	 (labeled	 as	 S1)	 and	 110	 km	 (labeled	 as	 S2).	 In	 the	
transition	 zone	 at	 the	 center	 area	 from	36°	N	 to	 39°	N,	 the	 negative	 phases	
appear	showing	a	branching	shape	from	the	N1	to	the	S1	and	the	S2.	The	S1	is	
consistently	 observed	 beneath	 the	 entire	 area	 with	 lateral	 continuity	 even	
when	the	2σ	of	the	bootstrap	test	is	considered,	while	the	S2	is	not	consistent	






FIGURE	 12.	 SECTIONS	 OF	 THE	 COMMON	 CONVERSION	 POINT	 (CCP)	 STACKED	 S	 RECEIVER	







To	determine	 the	horizontal	variation	of	 the	LAB	depth,	 the	CCP	stacked	
SRFs	 are	 calculated	 at	 each	 point	 with	 0.25°	 spacing	 (Figure	 12	 and	 Figure	
13).	 The	 horizontal	 variation	 of	 the	 LAB	 depth	 is	 shown	 in	 Figure	 14.	 The	
depth	of	the	LAB	is	determined	from	each	CCP	stacked	SRFs	obtained	at	each	
grid	point	with		spacing	of	0.25°.	As	shown	in	the	AA’	section	(Figure	11),	the	
depth	 of	 the	 LAB	 is	 decreasing	 from	 north-west	 to	 south-east,	 and	 the	 iso-
depth	lines	of	the	LAB	are	sub-parallel	to	the	tectonic	lines.	A	rapid	change	of	
the	 LAB	 depth	 is	 recognized	 along	 the	western	 coast	 to	 the	 south	 of	 37°	 N.	
This	 rapid	 change	 in	 the	 LAB	 depth	 extends	 north-eastwards	 from	 ~36°	 N	
across	 the	 Korean	 Peninsula.	 This	 is	 roughly	 consistent	 with	 the	 tectonic	




the	 signal	with	 amplitudes	 larger	 than	20	%	of	 the	maximum	amplitude	are	
analyzed	(Figure	15).	The	large	thickness	appears	where	the	multiple	signals	
are	 merged.	 Figure	 16	 shows	 the	 analyzed	 uncertainty	 with	 the	 LAB	
topography.	The	darker	area	means	 the	possibility	of	a	 larger	uncertainty	 in	





FIGURE	 13.	 SECTIONS	 OF	 THE	 COMMON	 CONVERSION	 POINT	 (CCP)	 STACKED	 S	 RECEIVER	


















FIGURE	 15.	 EXAMPLES	 OF	 THE	 LITHOSPHERE-ASTHENOSPHERE	 BOUNDARY	 (LAB)	 DEPTH	




























The	 double	 negative	 phases	 are	 observed	 in	 the	 southern	 part	 of	 the	
Korean	 Peninsula.	 A	 single	 negative	 discontinuity	 at	 different	 depths	 in	 the	
vicinity	could	be	shown	as	double	negative	phases	when	the	stacking	bin	size	
is	 large.	 The	 robust	 signals	 with	 comparable	 amplitudes	 with	 the	 negative	
phase	 in	 the	 northern	 part	 (N1)	 indicate	 that	 the	 double	 negative	 phases	
represent	real	structure.	For	further	verification,	non-overlapping	bins	with	1°	
by	1°	 in	 the	 latitude	and	 the	 longitude	are	used	 in	CCP	stacking	 (Figure	17). 
Because	of	 the	 small	 size	of	 the	bins,	 the	CCP	stacked	 receiver	 functions	are	
more	unstable,	and	the	robust	amplitude	determined	by	the	bootstrap	test	is	
weaker.	 In	 spite	 of	 the	 instability,	 the	 features	 of	 the	 LAB	 in	 the	 Korean	
Peninsula	are	reproduced	well.		
	
The	 time-domain	deconvolution	method	 is	 free	 from	a	side-lobe	because	
of	 the	use	of	 a	Gaussian	 function.	Nevertheless,	 the	 forward	modeling	of	 the	
SRF	 is	 performed	 to	 assess	 possible	 artifacts.	 First,	 synthetic	 teleseismic	
seismograms	 are	 generated	 with	 the	 YASEIS	 program	 [Ma,	 2013].	 The	
synthetic	seismograms	are	used	then	to	calculate	synthetic	SRFs.	A	simplified	
1-D	velocity	model	is	used	for	modeling	the	teleseismic	seismograms.	The	1-D	
model	 is	 generated	 by	modifying	 the	 IASP91	model.	 The	 P-	 and	 the	 S-wave	
velocities	 are	 proportionally	 modified	 so	 that	 the	 Vp/Vs	 ratio	 remains	
constant.	The	synthetics	are	calculated	at	epicentral	distances	from	59°	to	86°	

















FIGURE	 18.	 SIMPLIFIED	 1-D	 MODEL	 USED	 IN	 FORWARD	 MODELING	 OF	 THE	 SYNTHETIC	























km	 discontinuity,	 and	 the	 410-km	 discontinuity	 are	 observed.	 Additional	
phases	 are	 recognized,	 too.	 By	 migrating	 the	 SRFs	 and	 applying	 the	 CCP	
stacking	method,	the	signals,	except	those	converted	at	the	Moho	and	the	260-
km	 discontinuity,	 are	 effectively	 suppressed	 as	 shown	 in	 Figure	 21.	 The	
synthetic	 tests	 for	 structures	 with	 single	 and	 double	 low	 velocity	 layers	




Figure	 26	 and	 Figure	 27	 show	 the	 representative	 CCP	 stacked	 receiver	
functions	at	(34°	N,	127°	E)	and	(38°	N,	127°	E)	with	corresponding	synthetic	
receiver	 functions	 for	 the	 southern	part	 and	 the	northern	part,	 respectively.	
The	 velocity	 reduction	 of	 2-3	%	 for	 the	 low	 velocity	 layer	 produces	 almost	
comparable	amplitudes.	The	double	negative	signals	in	the	southern	part	can	
be	 produced	 by	 double	 low	 velocity	 layers.	 This	 means	 that	 the	 double	
negative	 phases	 shown	 in	 the	 CCP	 stacked	 receiver	 functions	 are	 not	 an	
artifact	 of	 the	 side-lobes.	 At	 the	 depth	 range	 of	 the	 120	 -	 200	 km,	 a	 broad	
negative	 signal	 appears	 for	 the	 IASP91	 model,	 even	 though	 there	 is	 no	
negative	 velocity	 layer.	 This	 artificial	 negative	 signal	 is	 produced	 because	
unwanted	 phases,	 such	 as	 ScS410p	 and	 SKS	 410p,	 are	 not	 completely	




























































































FIGURE	 26.	 COMMON	 CONVERSION	 POINT	 (CCP)	 STACKED	RECEIVER	 FUNCTION	OBTAINED	AT	
(34°	 N,	 127°	 E)	 WITH	 STACKED	 RECEIVER	 FUNCTIONS	 OBTAINED	 FROM	 THE	 SYNTHETIC	
TELESEISMIC	SEISMOGRAMS.	THE	RED	AND	BLUE	LINES	REPRESENT	THE	RECEIVER	FUNCTIONS	
FOR	 THE	 IASP91	 AND	 THE	 PREFERRED	MODEL,	 RESPECTIVELY.	 THE	 GRAY	WAVELETS	 IN	 THE	







FIGURE	 27.	 COMMON	 CONVERSION	 POINT	 (CCP)	 STACKED	RECEIVER	 FUNCTION	OBTAINED	AT	
(38°	 N,	 127°	 E)	 WITH	 STACKED	 RECEIVER	 FUNCTIONS	 OBTAINED	 FROM	 THE	 SYNTHETIC	
TELESEISMIC	SEISMOGRAMS.	THE	RED	AND	BLUE	LINES	REPRESENT	THE	RECEIVER	FUNCTIONS	
FOR	 THE	 IASP91	 AND	 THE	 PREFERRED	MODEL,	 RESPECTIVELY.	 THE	 GRAY	WAVELETS	 IN	 THE	






different	 depths	 with	 narrow	widths.	 This	 implies	 that	 the	 negative	 signals	
shown	 in	 the	 CCP	 stacked	 receiver	 functions	 represent	 real	 discontinuities	
beneath	the	study	area.		
	
The	 LAB	 beneath	 the	 Korean	 Peninsula	 is	 imaged	 applying	 the	 CCP	
stacking	method	to	the	SRFs.	Below	the	Moho	at	35	km	depth,	negative	signals	
correspond	to	the	negative	discontinuity	where	the	velocity	drops	downwards	
in	 the	 uppermost	 mantle	 (Figure	 11	 and	 Figure	 12).	 The	 negative	 phases	
named	as	S1	and	N1	are	dominant	with	lateral	continuity	over	the	entire	study	
area.	These	dominant	negative	phases	are	interpreted	as	the	LAB	beneath	the	
Korean	Peninsula.	The	depth	of	 the	LAB	 ranges	 from	60	km	 to	100	km.	The	
distribution	of	the	LAB	depth	shows	two	modes	at	~70	km	depth	and	~92	km	
depth	 (Figure	 28).	 This	 shallow	 depth	 is	 consistent	 with	 the	 LAB	 depth	
determined	 to	 be	 shallower	 than	 70	 km	depth	 from	previous	 global	 studies	
[Artemieva	and	Mooney,	 2001;	An	and	Shi,	 2006;	Artemieva,	 2006;	Pandey	et	
al.,	 2014].	 This	 is	 also	 consistent	 with	 the	 LAB	 determined	 to	 be	 at	 70	 km	
depth	 in	 China	 adjacent	 to	 the	 study	 area	 [Sodoudi	 et	 al.,	 2006;	 Kind	 et	 al.,	
2012].		
	
The	 LAB	 depth	 in	 the	 Korean	 Peninsula	 is	 much	 shallower	 than	 that	
expected	 for	Precambrian	cratons	 [Artemieva	and	Mooney,	 2001].	A	depth	of	
the	LAB	shallower	than	110	km	implies	an	occurrence	of	lithosphere	thinning.	
The	 mechanism	 of	 the	 lithosphere	 thinning	 is	 mainly	 explained	 by	 two	
















erosion.	 The	 thin	 lithosphere	 (<	 100	 km)	 in	 eastern	 China	 is	 regarded	 as	 a	
result	of	lithosphere	thinning	[Xu	et	al.,	2000;	Wu	et	al.,	2005;	Xu,	2007;	Zhu	et	
al.,	 2012;	 Tang	 et	 al.,	 2013].	 From	 the	 intensive	 development	 of	 the	 Early	
Cretaceous	magmatism,	 the	 lithosphere	 is	destroyed	during	 that	 time	period	
with	close	relation	to	the	mantle	convection	induced	by	the	subducting	Pacific	
slab	 beneath	 the	Asian	 Plate	 [Zhu	et	al.,	 2012].	 In	 the	Korean	 peninsula,	 the	
Phanerozoic	 granitoids	 are	 widely	 distributed	 [Cheong	 and	 Kim,	 2012].	
Intensive	magmatism	 is	developed	during	 the	 Jurassic.	This	massive	 Jurassic	
magmatism	 is	 regarded	 as	 a	 indication	 of	 the	 lithosphere	 thinning	 in	 the	
Korean	 Peninsula	 [Kee	 et	 al.,	 2010].	 According	 to	 the	 reconstruction	 model	
[Seton	et	al.,	2015],	 the	oceanic	 Izanagi	Plate	was	subducting	northwestward	





(N1).	 Another	 negative	 phase	 is	 observed	 at	 the	 depth	 of	 110	 km	 in	 the	
southern	part	 (S2).	The	 transition	zone	of	LAB	dipping	northwards	 from	the	
S1	to	the	N1	is	observed	between	the	N1	and	S1.	The	location	of	the	transition	
zone	is	roughly	overlapping	with	the	OFB.	Along	another	profile	line	shifted	by	
1°	 westward	 from	 the	 profile	 line	 AA’,	 an	 identical	 feature	 of	 the	 LAB	 also	
appears	but	the	location	is	migrated	to	the	south	(Figure	29).	This	migration	













and	 deeper	 at	 the	 north	with	 a	 transition	 zone	 beneath	 the	 OFB.	 The	 rapid	
change	 of	 the	 LAB	 depth	 shown	 in	 the	 transition	 zone	 is	 revealed	 in	 the	
topography	map	 in	Figure	14	 along	 the	 tectonic	boundary	between	 the	OFB	
and	GM.		
	
Previously,	 the	 shallow	 depth	 of	 the	 LAB	 beneath	 the	 Korean	 Peninsula	
was	 explained	 by	 the	 lithosphere	 thinning	 implied	 by	 the	 massive	 Jurassic	
magmatism	 [Cheong	 and	 Kim,	 2012].	 However,	 this	 lithosphere	 thinning	
cannot	explain	the	distinct	difference	of	the	LAB	depth	in	the	northern	block	
and	 the	 southern	block.	 Since	 the	 Jurassic	magmatism	 is	 distributed	 at	 both	
blocks,	 it	 is	 not	 likely	 that	 only	 the	 lithosphere	 of	 the	 southern	 part	 is	
destroyed.	 The	 shallow	 depth	 of	 the	 LAB	 at	 the	 northern	 block	 requires	
lithosphere	 thinning.	 Furthermore,	 the	 Mesozoic	 magmatism	 shows	 no	
distinguishable	difference	across	 the	OFB	 implying	a	significant	difference	 in	
lithosphere	 thinning.	 In	 the	 absence	 of	 significant	 difference	 in	magmatism,	
the	 difference	 in	 the	 lithosphere	 thickness	 could	 be	 originated	 from	 the	
different	 nature	 of	 the	 lithosphere	 across	 the	 transition	 zone.	 This	 suggests	
that	 the	 northern	 block	 and	 the	 southern	 block	 have	 distinctive	 tectonic	
history.	
	
Although	the	boundary	 is	still	debated,	 the	Korean	Peninsula	 is	regarded	







part	 might	 indicate	 a	 collision	 boundary	 between	 the	 SKB	 and	 the	 SCB.	 In	
addition,	the	distinct	feature	shown	in	the	LAB	topography	might	indicate	that	
the	 lithospheric	 structure	 was	 different	 between	 the	 SKB	 and	 the	 SCB.	 The	
transition	zone	might	indicate	the	collisional	boundary	between	the	SKB	and	
the	SCB.	The	double	negative	phases	in	the	southern	part	might	indicate	that	
the	 lithosphere	 of	 the	 southern	 part	 is	 overriding	 the	 lithosphere	 of	 the	
northern	 block	 subducted	 during	 the	 collision	 as	 observed	 beneath	 the	
Tibetan	Platform	[Zhao	et	al.,	2011].	However,	this	 interpretation	contradicts	
the	 following	 lithosphere	 thinning,	 not	 only	 in	 the	 Korean	 Peninsula	 during	
the	 Jurassic,	 but	 also	 in	 eastern	 China	 during	 the	 Cretaceous.	 It	 is	 hardly	
reasonable	 that	 the	 structure	 formed	 during	 the	 continental	 collision	would	




Izanagi	Plate	 from	the	mantle	plume	at	 the	northwest.	The	supply	of	 the	hot	
mantle	could	contribute	 to	 the	 lithosphere	 thinning	at	 the	Korean	Peninsula.	








be	opened	where	hot	mantle	 can	 flow	 in	 [Thorkelson	and	Taylor,	 1989].	The	
inflow	 of	 the	 hot	mantle	 from	 the	 south	 can	 explain	 the	 shallow	 LAB	 at	 the	
southern	part.	The	double	negative	phases	in	the	southern	part	may	indicate	
that	 the	 lithosphere	 is	 depleted	 with	 the	 asthenosphere	 upwelling.	 The	




During	the	Miocene,	 the	Korea	Strait	 is	 formed	by	a	back-arc	rift	system.	
The	extensional	 force	stretches	 the	 lithosphere	and	 induces	upwelling	of	 the	
asthenosphere.	 The	 slow	 velocity	 anomaly	 for	 the	 asthenosphere	 along	 the	






Shin	et	al.	 [2012]	proposed	a	sinusoidal	undulation	of	 folded	 lithosphere	
induced	 by	 compressional	 force	 developed	 by	 the	 collision	 and	 subduction.	







The	 LAB	 structure	 beneath	 the	 Korean	 Peninsula	 is	 imaged	 from	 the	
teleseismic	 SRF	 using	 the	 CCP	 stacking	 method.	 A	 shallow	 LAB	 is	 revealed	
with	a	depth	 ranging	 from	60	km	 to	105	km.	The	depth	of	 the	LAB	shows	a	




part.	 From	 the	 resolved	 LAB	 structure	 of	 the	 Korean	 Peninsula,	 the	




thinner	 than	that	expected	 for	 the	Precambrian	craton.	This	 thin	 lithosphere	
supports	 that	 the	 lithosphere	 thinning	 was	 facilitated	 by	 the	 coeval	
subduction	 of	 the	 Izanagi	 Plate	 in	 the	 Jurassic.	 The	 distinct	 structure	 of	 the	
LAB	between	the	northern	part	and	the	southern	part	cannot	be	explained	by	
existing	 tectonic	 models	 of	 the	 Korean	 Peninsula.	 The	 LAB	 structure	
resembles	 what	 is	 developed	 through	 continental	 collision	 as	 in	 Tibet.	
However,	chronologically,	the	remnant	of	the	collision	in	the	Permian	cannot	
remain	after	 the	 lithosphere	 thinning	 that	accompanied	massive	magmatism	
in	 the	 Jurassic.	 The	 subduction	 of	 the	 oceanic	 ridge	 at	 ~60	 Ma	 could	 be	 a	





the	 Korean	 Peninsula	 either. More	 comprehensive	 and	 multidisciplinary	
information	is	required	to	understand	the	lithosphere	structure	in	the	Korean	
Peninsula.	The	resolved	structure	of	the	lithosphere	and	the	asthenosphere	of	










discontinuities	 beneath	 the	 Korean	 Peninsula.	 A	 common	 conversion	 point	
stacking	method	 is	applied	 to	 image	 the	discontinuities	 in	 the	upper	mantle,	
i.e.,	 at	 410	 km	 and	 660	 km,	 and	 the	 lithosphere-asthenosphere	 boundaries.	
The	origins	of	the	resolved	structure	of	the	upper	mantle	beneath	the	Korean	




determined	 using	 the	 teleseismic	 P-receiver	 functions.	 Positive	 correlations	




the	 location	 of	 the	 slab	 tear.	 A	 highly	 depressed	 410	 km	 discontinuity	
observed	behind	the	slab	supports	an	upwelling	of	the	mantle	at	the	location.	
The	 depressed	 discontinuity	 over	 a	 broad	 area	 beyond	 the	 slab	 could	 be	 a	
remnant	of	the	retreat	of	the	Japan	Trench.	The	660	km	discontinuity	appears	
to	 be	 depressed	 by	 the	 low	 temperature	 of	 the	 stagnant	 slab	 above	 it.	
Although	the	extension	is	limited	in	small	areas,	a	large	depression	of		≥	40	km	
is	 observed	 in	 some	 locations.	 The	 large	 depression	 implies	 that	 a	 small	
portion	 of	 the	 slab	 penetrates	 the	 660	 km	 discontinuity	 and	 sinks	 into	 the	
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lower	mantle	while	most	of	 the	slab	 is	 trapped	in	the	mantle	transition	zone	
above	 the	 discontinuity.	 The	 most	 impressive	 feature	 shown	 in	 the	
topography	 	 is	 that	 north	 of	 38°	 N	 it	 is	 not	 depressed	 though	 the	 cold	 slab	
exists	at	all	 latitudes.	This	difference	could	be	originated	by	the	difference	in	
the	subducting	angle	between	the	Japan	Trench	and	the	Izu-Bonin	Trench.	In	




In	 Part	 II,	 the	 structure	 of	 the	 LAB	 is	 imaged	 using	 the	 teleseismic	 S-
receiver	 functions.	 Negative	 phases,	 representing	 a	 discontinuity	 of	 velocity	
reduction	with	depth,	are	observed	at	a	depth	range	of	60	-	120	km.	The	depth	
of	 the	 LAB	 beneath	 the	 Korean	 Peninsula	 is	 determined	 to	 be	 thin	 for	 the	
Precambrian	bedrock.	The	 thin	 lithosphere	 implies	a	 lithosphere	 thinning	 in	
the	Mesozoic	when	 the	paleo-Pacific	 subducts	beneath	 the	Korean	Peninsula	
accompanying	massive	magmatism.	 A	 distinct	 difference	 in	 the	 structure	 of	
the	LAB	is	observed	at	the	north	and	the	south	across	the	tectonic	boundary	of	
the	 GM	 and	 the	 OFB.	 The	 depth	 of	 the	 LAB	 is	 deeper	 at	 the	 north	 and	
shallower	at	the	south.	The	depth	changes	rapidly	along	the	tectonic	boundary	
between	 the	 GM	 and	 the	 OFB.	 At	 the	 south,	 an	 additional	 negative	
discontinuity	 is	observed	beneath	 the	LAB.	This	 implies	the	existence	of	 two	









the	 LAB	 structure	 at	 the	 south.	 The	 upwelling	 through	 the	 gap	 of	 the	 slab,	
opened	 by	 the	 subduction	 of	 the	 oceanic	 ridge,	 might	 have	 triggered	 the	
lithosphere	delamination	in	the	south	of	 the	Korean	Peninsula.	However,	 the	
absence	 of	 corresponding	 evidence	 for	 the	magmatism	 cannot	 be	 explained.	
Any	existing	 tectonic	model	of	 the	Korean	Peninsula	 cannot	explain	 the	LAB	
structure	 and	 the	 magmatism	 simultaneously.	 The	 resolved	 LAB	 structure	
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원격수신함수의 CCP 합산 방법을 사용한 한반도 





서울대학교 대학원  
	
원격수신함수를 사용하여 한반도와 일본 동남부 지역 하부의 상부맨틀 
불연속면(410 불연속면과 660 불연속면)의 깊이변화를 살펴보았다. 획득된 
수신함수는 일차원 속도구조와 삼차원 속도구조에 대하여 계산된 각 
깊이에서 P-to-s 변환된 위치와 도달시간차이에 의하여 삼차원 공간으로 
마이그레이션된 후, common conversion point (CCP) 합산법이 적용되었다. 
CCP 합산된 수신함수들은 전체 연구지역에서양의 값을 가지는 410 
불연속면과 660 불연속면을 보여주고 있다. 전반적으로 불연속면의 깊이 
변화는 섭입하는 차가운 태평양판의 분포와 부합하는 결과를 보여준다. 
하지만, 자세히 살펴보면 섭입판의 차가운 온도만으로 설명할 수 없는 
불연속면의 깊이 변화가 관측되었으며, 이는 섭입판의 복잡한 구조에서 
기인한 것으로 사료된다. 한반도와 규슈지역에서 관측된 침강된 410 
불연속면은 트렌치의 후퇴 작용과 관련된 구조로 사료된다. 660 불연속면은 
위도에 따라 매우 다른 특성을 보이고 있다. 위도 38° N 북쪽에서는 
남쪽에서와는 달리 차가운 섭입판의 존재에도 불구하고 깊이의 변화가 
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미약하게 나타났다. 이러한 차이는 Japan Trench와 Izu-Bonin Trench에서의 
섭입각의 차이에 의한 나타난 결과일 가능성이 있다. 또한, 두 지역의 물 
함량에 큰 차이가 있어 생긴 결과일 수 있다.  
 
S파 수신함수를 사용하여 한반도 하부의 LAB(암석권-연약권 경계)의 
깊이를 구하였다. 각 수신함수는 IASP91 모델을 가정하여 도달 시간 
차이로부터 계산된 S-to-p 변환 위치로 마이그레이션하였다. CCP 합산법에 
의하여 한반도 하부에서 저속도층의 경계를 이미징하였다. 한반도 하부에서 
LAB는 약 60 – 100 km 깊이에 위치하는 것으로 나타났다. 이는 한반도가 
선캄브리아 시대에 생성된 대륙임을 고려할 때 예상되는 것에 비하여 매우 
작은 값으로, 쥬라기 시대에 고태평양판이 섭입하면서 lithosphere thinning이 
발생하였음을 시사하고 있다.  지역적으로 경기 육괴와 옥천대의 경계에서 
LAB 의 깊이가 크게 변하는 것이 관측되었다. 북쪽 지역에서는 LAB 의 
깊이가 깊게 나타나며, 남쪽에서는 얕게 나타난다. 또한 남쪽에서는 LAB 
하부에 또 다른 저속도층의 존재가 발견되었다. 기존에 제시된 여러 텍토닉 
모델들은 이러한 한반도의 LAB 구조와 화성활동을 동시에 설명할 수 없었다. 
한반도의  LAB 구조는 다양한 분야에서 추후 한반도의 형성 과정을 
이해하는 데 큰 도움이 될 것으로 기대된다.  
	
주요어 : 원격수신함수, CCP 합산법, 한반도, 410 불연속면, 660 불연속면, LAB  
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